Based on the chiral kinetic approach using quarks and antiquarks from a multiphase transport model as initial conditions, we study the chiral magnetic effect, i.e., the magnetic field induced separation of charged particles in the transverse plane, in non-central isobaric collisions of Zr+Zr and Ru+Ru, which have the same atomic number but different proton numbers. For the observable γ OS − γ SS related to the difference between the correlations of particles of opposite charges and of same charges, we find a difference between the two collision systems if the magnetic field has a long lifetime of 0.6 fm/c and the observable is evaluated using the initial reaction plane. This signal of the chiral magnetic effect becomes smaller and comparable to the background contributions from elliptic flow if the event plane determined from particle emission angles is used. For the other observable given by the R(∆S) correlator related to the distribution of average charge separation in a collision, the signal due to the chiral magnetic effect is found to depend less on whether the reaction or event plane is used in the analysis, and their difference between the two isobaric collision systems is thus a more robust observable.
I. INTRODUCTION
Experiments at the BNL Relativistic Heavy Ion Collider (RHIC) [1] [2] [3] [4] and the CERN Large Hadron Collider (LHC) [5] have provided unambiguous evidence for the creation of a quark-gluon plasma (QGP) during the early stage of relativistic heavy ion collisions. Because of topological transitions due to the chiral anomaly in QCD [6] [7] [8] [9] , non-equal numbers of left-and right-handed quarks can be present and result in a nonzero net axial charge in the QGP. According to Ref. [10] , in the presence of the magnetic field produced in non-central heavy ion collisions, the finite net axial charge can lead to a separation of positively and negatively charged particles in the transverse plane of the collisions as a result of the vector charge current generated along the direction of the magnetic field, which is called the chiral magnetic effect (CME) [10] [11] [12] .
Although the phenomenon of charge separation has been observed in experiments at RHIC [13] [14] [15] and LHC [16] , and also confirmed in studies using the anomalous hydrodynamics [17] [18] [19] , its explanation is still under debate because of the many background effects from resonance decays [20, 21] , the transverse momentum conservation [22, 23] , and the local charge conservation [24] when the elliptic flow v 2 is present. To separate such v 2 -driven backgrounds from the CME, collisions involving isobaric systems such as Zr+Zr and Ru+Ru, which have the same atomic but different proton numbers, have been proposed [25] and planned at RHIC, because of their similar backgrounds but different CME signals due to the different magnetic fields generated in these collisions as a * Electronic address: sunyfphy@physics.tamu.edu † Electronic address: ko@comp.tamu.edu result of different proton numbers. It has been shown in a schematic study [25] and also in more complete studies based on the anomalous hydrodynamics [26] as well as the AMPT model with the an assumed initial charge separation [27] that the two collision systems have a relative difference in the charge separation of about ten precent.
Besides the anomalous hydrodynamics [28] , the chiral kinetic approach has also been developed for studying the chiral magnetic and vortical effects in relativistic heavy ion collisions [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Using this approach, we have recently studied the effects of chiral magnetic and vortical waves as well as the polarization of Λ hyperon in relativistic heavy ion collisions [35, 42, 43] . Since the chiral kinetic approach takes into account the non-equilibrium effect and explicitly treats the v 2 -driven background without making specific assumptions as in the anomalous hydrodynamics, we use it in the present study to investigate the CME in collisions of the isobaric systems of Ru+Ru and Zr+Zr at RHIC energies. This paper is organized as follows. In the next section, we describe the chiral kinetic equations of motion for quarks and antiquarks and their modified scattering in the presence of a magnetic field. We then introduce in Sec. III the initial conditions and the magnetic field in relativistic heavy ion collisions, which we take from the AMPT model [44] , as well as the initial axial charge density in the partonic matter. In Sec. IV, we show results on the time evolution and transverse momentum dependence of the charge separation in Ru+Ru collisions via the γ OS − γ SS correlator, which is the difference between the correlations of particles of opposite charges and of same charges, and the R(∆S) correlator, which is related to the distribution of average charge separation in a collision, and their differences from Zr+Zr collisions. Finally, a summary is given in Sec. V.
II. THE CHIRAL KINETIC APPROACH
In this section, we briefly discuss the chiral kinetic equations of motion for spin-1/2 fermions and their modified scatterings in a magnetic field.
A. Chiral kinetic equations
For a massless spin-1/2 quark or antiquark of charge Q and helicity λ in a magnetic field B, the chiral kinetic equations of motion for the rate of changes in its position r and momentum p are given by [29, 33, 35] 
wherep is a unit vector in the direction of p and b = p 2p 3
is the Berry curvature resulting from the requirement that the spin of the parton follows the direction of its momentum instaneously. To take into account the small u and d quarks masses (m u = 3 MeV and m d = 6 MeV) [45] , we replacep and b as
as in Ref. [46] .
B. Parton scattering
Because of the denominator √ G = 1 + Qλb · B in the chiral kinetic equations of motion, the phase-space distribution of partons needs to be multiplied by √ G [47] to ensure the conservation of vector charge. To obtain the corresponding modified equilibrium distribution of partons from their scatterings, we use the method in our previous study on the Λ hyperon polarization in the chiral kinetic approach [48] . Specifically, we use the total parton cross section σ tot to determine if two partons would collide, as usually used in the parton cascade, but determine their momenta p 3 and p 4 after the scattering with the probability G(p 3 ) G(p 4 ). As shown in Ref. [48] , this automatically leads to the modified equilibrium distribution of partons and the conservation of their vector charge current.
For the parton scattering cross section, we choose it to reproduce the small shear viscosity to entropy density ratio η/s in QGP extracted from experimentally measured anisotropic flows in relativistic heavy ion collisions based on viscous hydrodynamics [49, 50] and transport models [51, 52] . This empirically determined value is close to the conjectured lower bound for a strongly coupled system in conformal field theory [53] and the values from lattice QCD calculations [54] . For partonic matter dominated by light quarks as considered here, we can relate η/s to the total cross section σ tot by η/s = [55] if the cross section is taken to be isotropic, where τ is the relaxation time of the partonic matter, n is the parton number density, and p is the average momentum of partons. Taking η/s = 1.5/4π as determined in Ref. [56] from anisotropic flows in relativistic heavy ion collisions using viscous hydrodynamics, we then calculate the parton scattering cross section as a function of parton density and temperature or energy density.
Using the chiral kinetic equations of motion and the above parton scattering cross section, the partonic matter is then evolved until its energy density decreases to ǫ 0 = 0.56 GeV/fm 3 , similar to the critical energy density from LQCD for the partonic to hadronic transition [57] and also that corresponding to the switching temperature T SW = 165 MeV from partonic to the hadronic phases used in viscous hydrodynamics [58] .
III. INITIAL CONDITIONS
To use the chiral kinetic approach described in the previous section for relativistic heavy ion collisions, we need information on the initial phase-space distributions of quarks and antiquarks, the initial axial charge density of produced quark matter, and the time evolution of produced magnetic field. These are discussed in this section.
A. The AMPT model
For the initial phase-space distributions of partons, we take them from the string melting version of the AMPT model [44] with the values a = 0.5 and b = 0.9 GeV 2 in the Lund string fragmentation function to give a better description of the charged particle multiplicity density, momentum spectrum, and two-and three-particle correlations [59, 60] in heavy ion collisions at RHIC, as in our previous study on the Λ hyperon polarization [48] .
B. Time evolution of magnetic field
For the magnetic field produced in non-central heavy ion collisions, it can be calculated from the LienardWiechert potentials. In this potential, the electromagnetic field at a given space-time point (t, x) due to the motion of a charged particle at a constant velocity v is determined by its position x ′ at an earlier time t ′ . Using the relation
where x 0 is the position of the charged particle at the initial time t 0 , the magnetic field due to a proton in the colliding nuclei is then given by
where α is the fine-structure constant. Based on the spatial and momentum information on the protons in the colliding nuclei from AMPT, we can calculate the electromagnetic field produced in heavy ion collisions. As the colliding nuclei move towards each other with the same velocity in opposite directions along the beam direction, taken as the z direction, and with their centers located at x = ±b/2 in the x direction of the reaction plane, where b is the impact parameter of the collision, the magnetic field in the overlap region of the two nuclei is then in the y direction. Figure 1 for the two collision systems, respectively, and decreases rapidly in time with a lifetime of about τ B = 0.066 fm/c in both cases. We note that there are also studies on the fluctuation of magnetic field due to the proton position fluctuations in nuclei [61, 62] . Since protons in these studies are assumed to be point-like with their positions randomly determined from a Woods-Saxon (WS) distribution, the obtained magnetic field fluctuation may have been overestimated. Because the hot medium created in heavy ion collisions is a conducting plasma, it can in principle increase the lifetime of the fast decaying magnetic field from spectator protons. Studies on this effect have, however, led to very different conclusions [63] [64] [65] [66] . In the present study, we adopt the magnetic field used in Refs. [19, 26, 67] 
) 2 and τ B = 0.6 fm/c as an upper limit for the lifetime, as shown by the red dashed and green dashdotted curves in Fig. 1 for Zr+Zr and Ru+Ru collisions, respectively, to illustrate the CME in relativistic heavy ion collisions.
C. Axial charge density
The other essential input in the study of CME is the axial charge density n 5 . Although n 5 is usually zero in hot hadronic matter, the QGP produced in relativistic heavy ion collisions can have event-by-event fluctuating net axial charges as a result of its topological transitions due to sphalerons [6] [7] [8] [9] . As shown in Refs. [18, 68, 69] , the topological transition rate is related to fluctuations of the color electromagnetic field configurations, resulting in the following axial charge density fluctuation in relativistic heavy ion collisions [18, 19] :
where τ 0 = 0.6 fm/c is the thermalization time of QGP, Q 2 s ≈ 1.25 GeV 2 is the saturation scale for gluons in the colliding nuclei at RHIC energy of 200 GeV [70, 71] , N tube and ρ tube ≈ 1 fm are the number and radius of the glasma flux tube, and A overlap is the transverse area of the overlap region of colliding nuclei. The second line in the above equation follows from the approximation N tube ≈ N coll , where N coll is the number of binary collisions between nucleons in the colliding nuclei and can be determined by using the Glauber Model. With the value N coll = 82.73 for Zr+Zr and Ru+Ru collisions at b = 7 fm, we find that the fluctuation in the topological charge associated with the color electromagnetic field configuration during the initial state of the collision is 16 . This fluctuation can be modeled by letting the helicity of a parton from the AMPT model to have the probability
, where N is total number of partons before τ 0 in an event, to be positive in half of the events and to be negative in the other half of the events.
IV. RESULTS
With above initial parton distributions and the net axial charge density for collisions at √ s N N = 200 GeV and impact parameter b=7 fm, we first consider Ru+Ru collisions by letting all quarks follow the chiral kinetic equations of motion and collide with each other with modified scatterings in the presence of an external magnetic field in y direction until the critical energy density of 0.56 GeV/fm 3 used in the hydrodynamic approach [58] . We then study the charge separation of light quarks at midpseduorapidity (|η| ≤1 We first show in Fig. 2 the time evolution of the vector charge dipole moment ∆a co 1 = sin φ + − sin φ − of mid-pseudorapidity (|η| ≤1) light quarks in coordinate space in Ru+Ru collisions for different magnetic field lifetimes in events with more right-handed than left-handed quarks. In the above, φ + and φ − are azimuthal angles of the position vectors of positively and negatively charged quarks in the transverse plane of a collision, and the average is over all light quarks from these events. The black solid and red dashed lines are, respectively, the results obtained without the magnetic field and with a short-lived magnetic field from spectator protons (τ B = 0.066 fm/c). In both cases, the resulting vector charge dipole moment is essentially zero at all times. With a lifetime of 0.6 fm/c for the magnetic field, the vector charge dipole moment increases appreciably with time as a result of the CME and becomes almost constant after t = 3 fm/c due to the decay of the magnetic field. We note that for the other half events with more left-handed than right-handed quarks, the vector charge dipole moment has same magnitude but opposite sign compared to the above case.
In Fig. 3 , we plot the vector charge dipole moment in momentum space ∆a mo 1 , which is similarly defined as ∆a co 1 by using the azimuthal angle of parton momentum in the transverse plane. As for ∆a is as follows. Because of the coupling between the magnetic field and the spin of charged quarks, positively charged quarks are quickly polarized along the positive y direction while negatively charged quarks are polarized along the negative y direction by the modified collisions. Since the number of quarks and anti-quarks of positive helicity is larger than that of negative helicity in these events, positively charged quarks acquire a net momentum in the positive y direction while the net momentum of negatively charged quarks is in the negative y direction, resulting in a fast increase of ∆a mo 1 during early times. As the magnetic field decays with time, ∆a mo 1 then decreases with the decreasing spin polarization, which is, however, compensated by the large increase of ∆a 
B. Transverse momentum dependence of charge separation
Results for the transverse momentum dependence of vector charge dipole moment in momentum space or separation ∆a mo 1 of light quarks are shown in Fig. 4 , again from events with more right-than left-handed quarks. In both cases of without magnetic field and a strong magnetic field with a short lifetime, the charge separation is negligible for quarks of any momentum as shown by black solid and red dashed lines in Fig. 4 . In the presence of a strong and long-lived magnetic field, a large charge separation appears as shown by the blue dotted line in Fig. 4 . Although the value of the charge separation is comparable to that from the anomalous-viscous fluid dynamics (AVFD) [26] , its transverse momentum dependence is different due to the stronger CME in the The CME-driven charge separation can lead to different azimuthal distributions for positively and negatively charged particles in an event, given by
where Ψ RP is the initial reaction plane of a collision.
Since the topological charge of the partonic matter has the same probability for being positive and negative, a 1 = 0, to measure the charge separation signal in experiments is usually through the γ OS − γ SS correlator, which is the difference between the correlations of particles of opposite signs and of same signs in charges, defined, respectively, by
where φ α and φ β are the azimuthal angles for same-sign (++ or −−) and opposite-sign (+−) charged particle pairs, respectively. We note that if the charges of all particles are randomly chosen, then one has from Eq. (6) γ OS − γ SS = 2a Using the event plane reconstructed from emitted particles as introduced in Ref. [72] , that is
where the summation is over all particles in the phasespace cut in an event and taking ω i = p iT , the resulting γ OS − γ SS correlator is shown by the blue triangles with error bars in Fig. 5 . Its value shows a weaker dependence on the lifetime of the magnetic field and has a value of about 0.8×10 −4 . This is due to the smaller correlation between the event plane and the initial reaction plane in these small systems, where cos(2Ψ EP − 2Ψ RP ) = 0.27.
For the transverse momentum range 0.15 < p T < 2.0 GeV/c, the results are similar, although the value of the correlator decreases by 0.7×10 −4 either using the initial reaction plane or the value of 2a 2 1 in the calculation if there is a long-lived magnetic field, as a result of the smaller CME effect on quarks of higher momentum in the chiral kinetic approach. Using the event plane from emitted particles still shows a weak dependence on the lifetime of the magnetic field, even though the value slightly increases compared to the case of including quarks of lower momentum.
D. The R(∆S) correlator
Recently, a new correlator R(∆S) has been proposed to measure the strength of CME [73] , which is defined as
where
In the above, N real (∆S) is the distribution of average charge separation in each event, which is defined as [74] ∆S = s
where the summation is over the numbers N p and N n of positively and negatively charged particles in an event.
The If the charges of all particles are randomly selected according to Eq. (6), then all four ∆S's have zero average values and the variances
(∆S
In this case, the R(∆S) correlator depends on both the selected charged particle multiplicities N p and N n as well as the charge separation signal a 2 1 . Results on the ∆S dependence of the R(∆S) correlator calculated from light quarks at the critical energy density and based on both events with more and less right-handed than left-handed quarks are shown in Fig. 6 by colored bands to include the statistical errors due to the finite number of events used in the study. The left upper panel of Fig. 6 shows the R(∆S) correlator calculated by using the initial reaction plane of the collision for light quarks in the transverse momentum range of 0.05 < p T < 2 GeV/c. Similar R(∆S) correlators are obtained for the cases without magnetic field and in the presence of a short-lived magnetic field, and both slightly increase at large |∆S|. The behavior of R(∆S) changes significantly in the presence of a long-lived magnetic field, particularly the large increase in its value at large |∆S|, which is similar to the results from Ref. [75] based on the AVFD approach.
Under the same conditions as above but using the event plane of light quarks, we see from the right upper panel of Fig. 6 that the differences in the behaviors of R(∆S) between the different scenarios for the lifetime of the magnetic field is still appreciable, although the value of R(∆S) correlator at large |∆S| in the presence of a longlived magnetic field is less pronounced.
Because the decrease of a 2 1 and the increase of 1/N p and 1/N n for light quarks in the momentum range 0.15 < p T < 2 GeV/c, we can conclude that the R(∆S) correlator should show a less concave shape than for light quarks in the momentum range 0.05 < p T < 2 GeV/c, as shown in the lower panels of Fig. 6 . However, the R(∆S) correlator for the case of a long-lived magnetic field is still different from that of a short-lived magnetic field whether one uses the initial reaction plane or the event plane from emitted particles, implying that the R correlator is a more robust signal than the γ OS − γ SS correlator for the CME.
E. Comparison between isobaric Zr+Zr and Ru+Ru collisions
As the signal of CME can be contaminated by the v 2 -driven background, there are suggestions that isobaric collisions of Zr+Zr and Ru+Ru can be used to separate the background from the CME [25] . In this section, we compare results from the chiral kinetic approach for these two collision systems to study the CME signal. Fig. 7 are the results for the γ OS −γ SS correlator of mid-pseudorapidity light quarks in the transverse momentum range 0.05 < p T < 2 GeV/c from Zr+Zr and Ru+Ru collisions. It is seen that there are almost no difference between the results from these two collision systems if the lifetime of the magnetic field is short. In the presence of a long-lived magnetic field, the charge separation 2a 2 1 due to the CME changes from 1.549×10 −4 for Zr+Zr collisions to 1.849×10 −4 or Ru+Ru collisions, which shows a 19.4% increase in these two collision systems and is consistent with the results from from Ref. [26] based on the AVFD approach. Using the initial reaction plane by calculating the γ OS − γ SS correlator event-byevent, the charge separation changes from 1.949×10 −4 to 2.242×10 −4 , which increases by about 15.0±5.4% and is still appreciable. Using the event plane reconstructed from azimuthal angles of emitted particles, the two collision systems show, however, a negligible difference. Because of the difficulty in determining the initial reaction plane in experiments, to extract the CME using the γ OS − γ SS correlator is thus not an easy task. Since the R(∆S) correlators for the two collision systems do not show clear concave shapes if the lifetime of magnetic field is short, we compare the two collision systems in the presence of a long-lived magnetic field. As shown in Fig. 8 , the R(∆S) correlator indeed have concave shapes in both Zr+Zr and Ru+Ru collisions. Be- cause of the small difference in the produced magnetic field in these two collision systems, the difference in their R(∆S) correlators is smaller than the statistical errors in the present study as a result of the finite number of events used in our calculations, and this is the case whether the initial reaction plane or the event plane from emitted particles is used. On the other hand, it has been shown in Ref. [75] that with more events included in the study, it is possible to extract the signal of CME from the R(∆S) correlator, particularly at large ∆S. Also, the difference in the R(∆S) correlator with and without a long-lived magnetic field is large, which makes the R(∆S) correlator a plausible observable for identifying the signal of CME.
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V. SUMMARY
Using the chiral kinetic approach based on initial conditions, including the net axial charge density, taken from the AMPT model, we have studied the charge separation signal of light quarks in Zr+Zr and Ru+Ru collisions in the presence of a magnetic field. We have found that these two isobaric collision systems have large charge separation signals (∆a mo.
1 ) due to the CME in the presence of a long-lived magnetic field, which becomes, however, negligible if the lifetime of magnetic field is short. By studying both the γ OS − γ SS and R(∆S) correlators of light quarks in mid-pseudorapidity, we have further found that without the magnetic field or in the presence of a short-lived magnetic field from spectator protons (τ B =0.066 fm/c), there are almost no differences in Zr+Zr and Ru+Ru collisions for both two correlators, indicating that the two collision systems are nondistinguishable if the lifetime of the magnetic field is short. In the presence of a long-lived magnetic field (τ B = 0.6 fm/c), the two collision systems are found to show similar behaviors in the R(∆S) correlator because of the very similar magnetic fields produced in their collisions, but both are different from that of without the magnetic field or a short-lived magnetic field. These results are independent of whether the initial reaction plane or event plane from emitted particles is used in the analysis. For the γ OS −γ SS correlator, these two collision systems show a difference of about 15% if the theoretical reaction plane is used. Because of the difficulty in determining the initial reaction plane in experiments, using the event plane from emitted particles will lead to a negligible difference in the CME signals between these two collision systems as a result of the small correlation between the two reaction planes in small systems, thus making it hard to observe the CME from the γ OS − γ SS correlator.
Our results are obtained without including the effect from the hadronic stage of relativistic heavy ion collisions, which could lead to background effects due to resonance decays and local charge conservation on charge separation [76, 77] . Since these effects are similar in collisions of isobaric systems, they are not expected to affect the conclusion from the present study.
